Darwin's theory of evolution by natural selection is the foundation of modern biology. However, it has proven remarkably difficult to demonstrate at the genetic, genomic, and population level exactly how wild species adapt to their natural environments. We discuss how one can use large sets of multiple genome sequences from wild populations to understand adaptation, with an emphasis on the small herbaceous plant Arabidopsis thaliana. We present motivation for such studies; summarize progress in describing wholegenome, species-wide sequence variation; and then discuss what insights have emerged from these resources, either based on sequence information alone or in combination with phenotypic data. We conclude with thoughts on opportunities with other plant species and the impact of expected progress in sequencing technology and genome engineering for studying adaptation in nature.
INTRODUCTION
This article is about how population genomics-the analysis of whole-genome polymorphism data from large population samples-can help us understand adaptation. There is obviously nothing plant-specific about this: The title primarily reflects the typical pigeonholing of researchers by organism rather than question. That said, we argue that, for the purpose of studying adaptation, wild plants are ideally suited and seriously underutilized.
Why Genomics?
As a prelude, it is worth asking why we need genomics to study adaptation. After all, Darwin deduced much about adaptation without even the knowledge of genetics, and there is a considerable body of fieldwork that is exclusively focused on measurements of fitness and the phenotypes that influence it, without any consideration of genotype. As noted by Lande & Arnold in the opening statement of their seminal 1983 paper:
"Natural selection acts on phenotypes, regardless of their genetic basis, and produces immediate phenotypic effects within a generation that can be measured without recourse to the principles of heredity or evolution" (87) . However, they continue:
"In contrast, evolutionary response to selection, the genetic change that occurs from one generation to the next, does depend on genetic variation."
They concluded that it is necessary to characterize the genetic variation, in particular to determine the extent to which variation for a trait is due to additive effects that can readily respond to selection. This can be done in a classical quantitative genetics framework, modeling genes statistically and without considering the effects of individually known genes, essentially ignoring any advances in genetics since the 1940s.
Many studies were inspired by their analysis (the paper is one of the most highly cited in evolutionary biology), but it soon became apparent that the approach had limitations. Unfortunately, even with excellent natural history knowledge of a species, it is next to impossible to know a priori which traits should be measured (and on what scale), and, with respect to field studies, what the appropriate temporal and spatial dimensions of the experiments should be. It also became clear that the genetic details could matter greatly (6) , contributing to a long-running debate about the importance of epistasis and a large number of publications justified by the need to understand genetic architecture. Perhaps more importantly, the pure quantitative genetics approach was overtaken from the 1980s on by the molecular biology revolution, which raised the possibility of identifying individual genes and polymorphisms involved in adaptation, at least if they had large effects. Although it is hotly debated how finding such-probably atypical-genes would advance our general understanding of adaptation (91, 126) , for better or worse, studies discussing real genes proved rather more influential than those merely containing tables of ANOVA (analysis of variance) results. Today, however, the quantitative genetics approach is experiencing something of a revival, owing to the limited success of large-scale genome-wide association studies (GWASs) in humans. For most traits, these studies have not managed to identify more than a tiny fraction of causal alleles: the problem of the so-called missing heritability. This has served as a dramatic reminder of the possibility that a trait can be highly heritable without any of the underlying polymorphisms having a marginal effect large enough to be measured (90, 102, 160) . Needless to say that this is making many colleagues rather uncomfortable, as it implies an unbridgeable gap between complex traits and traditional molecular biology.
In evolutionary biology, this identifiability problem is made worse by the fact that selection acts on large populations and over long periods of time, thus the classical result that selection (rather than drift) determines the fate of an allele (once it has reached appreciable frequency) as long as its effect on fitness is greater than the inverse of the effective population size (75) . Even for large organisms with small population sizes, this means that there can be strong selection for (or against) alleles that increase (or decrease) fitness through effects that could never be directly seen as developmental, morphological, or physiological phenotypes. Furthermore, selection is influenced by both the biotic and abiotic environments, neither of which is constant over time. All things considered, it is no surprise that connecting genotype (in the sense of particular polymorphisms) to phenotypes, and ultimately to fitness, has been so difficult. Similarly, large fractions of genomes may remain unannotated, because even when knocked out, the genes or regulatory elements have phenotypic effects too small to be measured in experiments, yet easily large enough to be maintained by selection-another example of a possible unbridgeable gap to molecular biology.
However, the fact that something may be impossible according to accepted theory does not imply that it is impossible in practice. In many cases, it will surely be possible to characterize adaptively important polymorphisms molecularly (e.g., whether they affect gene expression or coding regions, whether they knock out gene function or merely change it, what types of proteins the affected genes encode, etc.), and as long as we are careful not to overgeneralize, these examples will teach us important details about the genetic basis of evolutionary change. Furthermore, although the effects of individual causative polymorphisms are often so small that it is difficult to study them in isolation, it should be possible to study them in aggregate, relying on their joint effect in the Fisherian sense. Although loci identified by GWASs may explain in some cases little of the genetic variation, it may still be possible to predict phenotypes based on the collection of all genome-wide variants (160) . From this, we can learn a great deal about the molecular mechanisms underlying these phenotypes at the systems level by considering correlations between GWAS signals and other forms of annotation. This mirrors trends toward systems approaches in functional biology, in which the function of entire networks rather than individual genes is studied. In a similar manner, it may be much easier (and more informative) to make statements about selection on sets of polymorphisms that are correlated with body size, rather than trying to elucidate the selective history of particular loci (11, 145) . Indeed, the continuing fascination with trying to prove, statistically, that particular loci are under selection is, to a large extent, simply a legacy of the old neutralist-selectionist controversy (80, 111) .
A final argument in favor of approaches that start with genomes is that the genetic composition of a population reflects its history and thus must, by definition, contain the footprints of adaptation. This is in contrast to field experiments, which, regardless of whether they utilize genomic methods or not, may simply not have the power to detect long-term adaptive changes because the temporal variation in selective pressures is too large. A paradigm for this is the unpredictable evolution of Darwin's finches reported by Peter and Rosemary Grant: Short-term trait fluctuations would not have been predicted from estimates for long-term rates of change, owing to episodes of selection in one direction alternating with episodes of selection in the opposite direction (49) . This limitation should not be taken as an argument against field studies, however, but rather as an argument for combining them with approaches that exploit signals of selection over large temporal and spatial scales-as well as with laboratory experiments, which reveal the molecular basis for the action of different alleles.
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Figure 1
Sequencing approaches and their cost, accuracy, and scalability for throughput. Abbreviation: GBS, genotyping-by-sequencing.
Uses of Genomics
We have chosen to focus on the utilization of whole-genome polymorphism data from large population samples, the generation of which is now practicable for individual researchers, even if one first has to produce a reference genome assembly (Figure 1 ; see sidebar, Current Advances in Genome Sequencing and Genotyping). Such data provide an estimate of the current genetic composition of the population, which can be used to:
Infer its history and structure. Infer the history of particular loci (in particular with respect to selection, see Figure 2 and sidebar, Footprints of Selection). Reveal correlations between polymorphism and phenotypes or other characteristics, such as location or climate of origin (52, 88) (see sidebar, GWASs and Population Structure).
The close connection between these various uses is not always appreciated. For example, consider two populations that differ strongly with respect to some adaptive traits. To identify the genes that underlie these differences, we can either use methods that rely on genomic signals of selection (Figure 2) or we can view this as a mapping problem and identify the adaptive alleles using GWAS approaches. Either way, it is a challenge to distinguish true from false signals. The GWAS field is considerably more advanced than selection scans when it comes to dealing with 
CURRENT ADVANCES IN GENOME SEQUENCING AND GENOTYPING
In the past decade, the short-read sequencing revolution has dramatically lowered the price of genome assemblies, although generally at the expense of assembly quality. A second revolution is currently under way. There are new physical methods for arranging assembly scaffolds along chromosomes without genetic linkage information (19, 71, 84) . A further improvement comes from long-read sequencing, which can generate from shotgun data highly contiguous assemblies (73) . Many plant species have haploid genomes of less than 1 Gb (93) . Generating approximately 50× sequence coverage for such genomes with long-read technologies costs much less than 100,000 US dollars, and even less for species with smaller genomes. As before for short-read sequencing, it is almost certain that these costs will continue to drop steeply in the next few years. Thus, high-quality reference genome assemblies are within reach for many of the species long preferred by evolutionary biologists and ecologists (Figure 1) . Shortread assemblies may continue to be cost-effective for a larger number of individuals, and this can be complemented with low-coverage sequencing for even more individuals. Finally, where individuals are closely related, genotypingby-sequencing of thousands of markers is very cost-effective, costing a few US dollars per sample (119) . these issues, mostly because it is easier to specify realistic genetic models (152) . When looking for footprints of selection, about the best that can be done is to use genome-wide data to try to estimate a selectively neutral null model, but this only makes sense if most of the genome is indeed evolving neutrally (see sidebar, Footprints of Selection). To use a well-known quote of unknown origin, it is important to avoid "using statistics as a drunk uses a lamppost-for support rather than illumination." Regardless of the approach taken, scans for selection can only generate lists of genes that are likely to be important. Unless these results can be combined with independent evidence, they are arguably not very interesting.
One important source of independent evidence comes from direct estimates of allele frequency change. If we have population genomics data from multiple time points or generations (which can include paleontological remains or herbarium specimens; 162), we can directly identify polymorphisms under selection using allele frequency changes. Analogously, we can confirm a genotypephenotype association using linkage mapping. In both cases, the advantage is that the signal is not confounded by history, and the disadvantage is the lack of resolution in pinpointing individual loci due to extensive linkage disequilibrium. However, when combined with the approaches mentioned above, we can get the best of both worlds (Figure 3) , provided the experiments are carefully designed. A comparison between genotypes with very distant geographic origins may not be that meaningful, whereas differences between local genotypes may be too small to yield meaningful results in a reasonable time frame.
Population genomics approaches can also be classified according to whether we start with a phenotype or not. Scans for footprints of selection (see sidebar, Current Advances in Genome Sequencing and Genotyping), ongoing or historical, are agnostic with respect to the traits under selection, and the same is true for mapping studies that use fitness as a phenotype. These approaches have the advantage that they do not make assumptions about the importance of specific traits for selection in the wild--but suffer from the obvious disadvantage that the ease with which one can make a connection to a specific trait very much depends on the alleles and genes identified. And if we do not do that, all we have accomplished is demonstrating that allele frequencies change as a result of selection-hardly a major insight. Field and laboratory studies are needed, but it is important to remember that even if there is evidence from laboratory studies for the involvement of a gene in a certain biological process, it may not be the one that is responsible for selection in nature. Furthermore, functional annotation is usually based on the effects of knockout mutations, whereas natural variants often have more subtle effects on gene function, or generate a new function all together. Also note that selection does not necessarily equal adaptation (54) . Major genetic differences between populations may arise because of Red Queen effects-arms races with pathogens that certainly involve strong selection but may be irrelevant for the adaptive differences between the populations.
The opposite approach is to draw on knowledge about the natural history of a species and to begin with explicit hypotheses about traits that are under selection. Variation in phenotypes can be assessed in uniform conditions indoors, which more easily reveals the effects of genotype, or in naturally variable conditions outdoors, which captures ecologically meaningful genotypeenvironment interactions. After having measured the traits of interest, causal genes can be identified through standard genetic mapping approaches, often with a combination of experimental crosses and GWAS approaches. Once causal variants have been confirmed using fine mapping,
FOOTPRINTS OF SELECTION
There are three main approaches to scanning genomes for evidence of selection ( Figure 2 ): frequency spectrumbased methods that look for either a reduction in sequence diversity or an increase in high frequency-derived alleles as a consequence of recent directional selection, or for an excess of intermediate-frequency polymorphisms as a sign of balancing selection; linkage disequilibrium (LD)-based methods to reveal unusually long tracts of linked polymorphisms that have not yet been broken down by recombination; and approaches that identify polymorphisms with very different frequencies in different populations, indicative of local adaptation (153) (Figure 1 ). These were used already in the pregenomic era, but without whole-genome information it is very difficult to gauge how the polymorphism patterns have been shaped by other forces than selection, especially confounding demographic factors, although it is still unclear how well one can estimate confounders (e.g., 67, 140) . In any case, these methods can only generate lists of candidate alleles that need to be tested experimentally. This may include biochemical assays if the molecular function of the candidate is known, phenotypic analyses if involvement in specific biological processes is known, and ultimately tests for fitness effects under natural conditions (with all the caveats discussed in the main text). complementation crosses and/or transgenic analyses, one can return to the population genomics data to ask relevant questions about long-term selection. Limitations of this approach are that traits that appear to be obvious to us as being of ecological and evolutionary importance may not be the ones actually under selection, or that selection might have been too weak to leave a strong DNA sequence signal, so that one cannot easily make statements about the adaptive value of a specific variant.
Although field experiments are not a panacea, they are clearly fundamental to any claim of adaptation, and many of the difficulties discussed above can be addressed by carrying out experiments over longer periods of time and in multiple locales. Moreover, owing to the dramatic fall in genotyping costs (see sidebar, Current Advances in Genome Sequencing and Genotyping), it is no longer necessary to follow individuals of a known genotype, which is normally done by transplanting plants germinated in the greenhouse. Instead, one can seed field sites directly, which more closely mimics the natural life cycle, and determine genotypes after phenotyping. This also
GWASs AND POPULATION STRUCTURE
GWAS associations may not reflect causal relationships, which are sometimes, but not always, attributable to population structure (152) . A naïve test of association of a particular allele with a phenotype implicitly ignores other loci that (also) affect the trait (3). This is not a reasonable assumption in a structured population, where physically distant loci are in linkage disequilibrium, and also not for selected traits, because causal loci may be co-selected.
The classical "animal model" of quantitative genetics was developed to deal with this issue (56) . Maize geneticists (163) have led the way in introducing this model to GWAS approaches, and human genetics is following suit (152) . Broadly speaking, one first estimates how much of the phenotypic similarity between individuals can be explained by their relatedness, which includes genome-wide sharing of causal alleles, before estimating contributions from individual variants. The theoretical underpinnings date back to Fisher's model of correlations between relatives for quantitative traits (39) . A similar approach can be used when scanning the genome for correlation with climate or similar variables (51, 52) . The approach of course works only to the extent that Fisher's model of many alleles with small effects is right. 
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Dependencies among data types and approaches for the identification of functionally differentiated alleles. Engineered genetic stocks: transgenic lines, near isogenic lines, allele replacement lines, etc.
opens the door to long-term experiments under natural conditions, using genomic scans to map genes and alleles under selection. In summary, it is obvious to us that if we wish to advance our understanding of adaptation beyond that of Darwin, genomic approaches are indispensable. We know the record is in the genome-the challenge is to decode it.
Why Plants?
The advantages of plants for studying adaptation are obvious. "Plants stand still [. . .] to be counted" (53, p. 515), making field studies much easier than with most animals, especially very small animals such as flies and worms. Understanding selective pressures is considerably more difficult if you are not even able to observe the organism in its natural environment. Furthermore, in perennial species, the same individuals can be easily studied over many years, which affords opportunities to study genotype-specific responses to a changing environment. Because of their limited mobility, plants are also almost certainly more likely to be locally adapted. It is no coincidence that some of the first rigorous studies of local adaptation were carried out in plants (31, 146, 147) .
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Weigel · Nordborg This is especially true for populations that thrive in contrasting habitats, such as normal and serpentine soils (17) . Clear evidence for strong local adaptation is even found in plants such as wind-pollinated forest trees that appear to come close to the population genetics ideal of a large, random-mating population (81, 106, 125) . Two further practical advantages are that many plant species, at least when they are herbaceous, are quite easily maintained in greenhouses or gardens, especially when they propagate by self-fertilization, and that it is often relatively straightforward to set up experimental crosses, including between closely related species.
From the point of view of evolutionary genomics, plants also have an advantage in that closely related taxa can differ greatly in mating system, ploidy level, and life history, providing opportunities for addressing many important questions of evolution. For example, within the genus Arabidopsis, we have an annual selfer with a global distribution (Arabidopsis thaliana), a heavy-metal tolerant, perennial, obligate outcrosser (Arabidopsis halleri ), a selfing, allotetraploid interspecific hybrid (Arabidopsis suecica), and ploidy variants of the same species (Arabidopsis lyrata, Arabidopsis arenosa). Both selfing and polyploidy are predicted to affect many aspects of molecular evolution (29, 116) , predictions that can be tested particularly well in comparisons of close relatives that have easily alignable genomes. Because of the enormous diversity in mechanisms of seed and pollen dispersal, plants also differ greatly in population structure. This, again, is predicted to have important implications for the genetic basis of local adaptation (123) .
Given these advantages, the dominance of studies of adaptation in animals is almost shocking. Although much of the work in animals has addressed questions related to speciation and reproductive isolation (e.g., 36, 136) , there is an increasing number of studies focusing on adaptation, e.g., to new habitats in sticklebacks (69) , to brackish water in herring (86), or to different food sources in Darwin's finches (85) . The repeated evolution of mimicry in Heliconius butterflies (124) is another example. In contrast, although there are many population genomics studies in plants, essentially all have focused on crop plants or their close relatives, including maize/teosinte, rice, soybean, tomato, chickpeas, pepper, and even cucumber (see the recent review in 64). The major exception is Arabidopsis thaliana, which was not only the first plant but also one of the first species overall for which rich genome-wide and subsequently whole-genome polymorphism data became available (22, 30, 45, 61, 74, 99, 112, 114, 131, 132) . Information on other wild species that are not closely related to crops is emerging only very slowly (18, 37, 43, 44, 47, 59, 121, 161) . This presumably reflects funding priorities, which emphasize new resources for breeding, but it represents a missed opportunity if one wants to understand how wild species adapt to natural environments. Indeed, when we agreed to write this review, we had hoped to cover a broad array of species; as things stand, this review is dominated by A. thaliana-and note that these data could only be generated because a few enlightened granting agencies have fortunately funded blue sky research. We are of course fully aware that the mating system of A. thaliana, which appears to outcross on average only about once in 10 to 100 generations (13), has consequences for population diversity and evolutionary signatures. It therefore remains to be seen how good a model A. thaliana is for the majority of plant species, which are outcrossing.
POPULATION GENOMICS OF ARABIDOPSIS THALIANA
Describing Genome Variation
Arabidopsis thaliana was the first plant and one of the first multicellular species with a high-quality reference genome sequence, and the initial genome paper already disclosed results from low-pass shotgun sequencing of a different accession (1) . Although this paper underestimated the extent of sequence differences, it highlighted that such differences were not restricted to single nucleotide
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polymorphisms (SNPs) and small insertion-deletions (indels) but could encompass fragments that were dozens of kilobases long. The next milestone was the use of nearly 2,000 evenly spaced sequence tags throughout the genome to determine sequence diversity in a larger set of accessions (112) , which revealed genetic isolation by distance, even though intermediate-frequency alleles are typically found across most of the species range. It also set the stage for one of the first wholegenome studies of sequence variation in any organism, using massive oligonucleotide arrays (30) . One of the findings from these early studies was that polymorphism is nonrandomly distributed, with polymorphism rates near the centromeres being higher near the centromeres than on the chromosome arms. These efforts also documented a surprising number of apparent knockout mutations in different accessions, with a heavy bias toward genes involved in interactions with the biotic environment, indicative of tradeoffs linked to an active immune system (30) . Arabidopsis thaliana was also the first plant for which short-read resequencing data were generated, in parallel with similar efforts in humans (114) , and the early success with this technology led to calls for a 1001 Genomes project for the species (113) . The resequencing studies provided a richer picture of variants, including detection of sequences absent from the reference, better estimates of copy number variation, and clearer evidence for isolation as well as evidence for reduced selection in populations at the edge of the native species range. Some of the additional insights were that large differences in rDNA copy number can lead to massive genome size variation and that mutation spectra for single base substitutions differ between the wild and the laboratory (22, 45, 68, 99, 115, 132) .
A more or less dirty secret of "complete" genome sequences obtained from resequencing has been that large-scale variants are either entirely ignored or, at best, only partially analyzed. Even the isolated consideration of small-scale variants can be misleading, as there are often compensatory mutations that make up for frameshifts, splice-site mutations, and so on (45, 99, 132) . In addition, the presence of paralogs in the nonreference genomes can lead to erroneous inferences about polymorphisms, including heterozygosity and copy number variation, especially when analyzing segregating populations (98, 114, 122) . Assembly of so-called leftover sequencing reads that could not be mapped to the reference has shown that A. thaliana accessions contain on the order of 2 Mb of single-copy sequences that are not represented in the reference genome (99) . Often, matches for such fragments can be found in A. lyrata (63) , indicating that they represent ancestral sequences that were lost in the reference strain. The reference bias is not evenly distributed, with genes involved in disease resistance being most prominent among those for which mere resequencing fails to describe the full extent of variation. The same is true for transposons and other repetitive sequences (22, 99) .
Describing Epigenome Variation
Scientists interested in adaptation differ greatly on the importance of epigenetic variation (34) . Most epigenetic modifications, such as histone modifications and DNA methylation, appear unchanged from generation to generation, either because of stable inheritance or because of erasure and resetting in the germ cells or early zygote of any alterations that have accumulated during somatic development. Dense DNA methylation in all three sequence contexts known in plants (CG, CHG, and CHH, where H is any base but G) is typically associated with transposon and repeat silencing, and involves a complex interplay with small RNAs and chromatin remodeling (103) . Silencing of transposons or repeats in turn can have knock-on effects on the expression of adjacent genes, leading to an evolutionary trade-off between the obvious advantages of transposon silencing and the collateral damage caused by altered, usually reduced expression of nearby genes (60) . It is thus likely that there is selection for reduced silencing of transposon sequences that have
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Weigel · Nordborg become inactivated by mutation, and an outcome of this might be that some sequences are more likely than others to spontaneously cycle between methylated and unmethylated states in different generations (9, 21, 50, 55, 130) .
Although transposon and repeat methylation are much less variable between accessions than gene body methylation (the function of which remains somewhat mysterious), differences do exist (150) , and this motivated the large-scale investigation of whole-genome methylation patterns in natural accessions (35, 50, 131) . In one study (131) , many more differentially methylated regions (DMRs) that had hallmarks of gene silencing were linked to local DNA sequence variants than to trans-controlling loci, with more than 10% having evidence for polygenic control. Unfortunately, because detection of structural variants from resequencing data is still imperfect, it was not possible to provide exact estimates of how many DMRs are completely independent of DNA sequence changes. However, investigation of a near-clonal population of wild accession confirmed that spontaneous DMRs in the absence of apparent sequence variation are common (50). One conclusion from this other study was that certain regions of the genome are apparently privileged for the spontaneous occurrence of DMRs, in line with such changes reflecting cycling of DNA methylation at transposon or repeat sequences (21, 55) .
Importantly, both induced and spontaneously occurring epigenetic variation at discrete loci in the genome can lead to heritable phenotypic differences that are similar in magnitude to those caused by natural genetic variation (32, 127, 135 ). An interesting question is therefore whether spontaneous DMRs contribute to evolution. In one scenario, attendant gene expression changes would amplify the effects of a specific allele so that it can now be selected for. In another scenario, the increased mutation rate at methylated sites (22) increases the chances of a genetic change that stabilizes the effects of the epigenetic effect, in a process reminiscent of genetic assimilation (155) .
In addition to local DNA methylation differences, wholesale differences in CHH methylation throughout the entire genome have been documented that are apparently due to a change at a single trans-acting locus that encodes the CMT2 methylase (35, 133) . Natural knockout alleles at CMT2 are found in approximately 10% of all accessions, and they appear to affect a broad suite of traits, from heat-stress tolerance to immune response and leaf morphology. Moreover, not only is the distribution of these alleles geographically skewed, with CMT2 knockout alleles being more frequent in places with a greater temperature range, but genome-wide CHH methylation is reduced when plants are grown in a cool environment, which may reflect selection for stronger silencing of transposons at higher temperatures (35, 133) .
Genome-First Approaches for Identifying Loci Under Selection
Somewhat disappointingly, whole-genome selection scans (Figure 2 ; see sidebar, Footprints of Selection) that focused on the global population of A. thaliana have turned up remarkably few candidate regions for strong, species-wide sweeps. By far the most obvious such region is one that was already identified in the first 20 accessions with whole-genome information (22, 30, 61, 99) . This sweep is only several tens of thousands of years old (99) , which is much younger than the species itself, estimated to be at least a million years old (139) . Not only is the sweep allele found in well over 90% of all accessions throughout the worldwide range, but it also stands out because it is several hundred kilobases long. Recombination in this region between accessions with the sweep allele and other alleles is suppressed because it is associated with the transposition of an approximately 300-kb fragment to a location some 0.5 Mb away on the same chromosome (99) . Unfortunately, none of the genes in this interval have been assigned functions in laboratory studies that would provide insights into their potential roles in adaptation to natural environments.
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Selection scans were more successful with a local population from northern Sweden, which produced much stronger signals. This was not simply due to the particular composition of the sampled population but reflected apparently much stronger selection in this geographic area (66, 99) . Because of the extensive linkage disequilibrium in this population, the signals extended over large regions, and individual candidate loci were therefore difficult to discern. Nevertheless, these findings highlight the importance of appropriate population sampling in unbiased selection scans.
A less broad approach is to search for polymorphism patterns that are correlated with environmental variables (41, 51, 88, 89) ; when these have an explicit geographic component, one speaks of landscape genomics (101) . Although such studies have had limited success in pinpointing the individual loci that underlie adaptation, they have clearly confirmed that environmental factors, and in particular a host of climate parameters, shape the pattern of genomic variation in A. thaliana. Confidence in the conclusions comes from field trials, which have shown that alleles associated with local climate variables are also correlated with proxies of fitness, such as number of fruits or seeds (41) . Conversely, by growing the same set of accessions in different sites across the range and then comparing the results with GWASs on fruit number it was found that locally favorable alleles tended to be most frequent near the sites where they were positively associated with fitness (51) . Most loci appeared to be favorable in only one location, with effects at other locations having a tendency to be negative. Although there was a significant association with local climate, a caveat is that it is difficult to completely disentangle correlations between climate variables and geographic location. In support of climate itself having a more limited effect, there was little evidence for these loci having experienced recent strong selection, as one might expect given that the climate in Eurasia, the native range of the species, has changed dramatically over the past tens of thousands of years (33) . Finally, there are also biotic variables that vary with geography, an impressive example being the distribution of different aphid species that prey on A. thaliana and that have apparently driven a longitudinal gradient of variation at two loci responsible for defensive chemicals of the glucosinolate class. Support for this pattern being indeed due to a causal relationship comes from the rapid responses of different A. thaliana accessions when they were exposed over several generations to these two aphids in the greenhouse (165).
Phenotype-First Approaches for Identifying Individual Loci Affecting Ecologically Relevant Traits
An alternative to the largely agnostic approaches discussed above is to combine information on population genome variation with measurements of discrete phenotypes that are suspected of being adaptive, or at least under selection. In A. thaliana, such phenotype-driven GWAS analyses can work amazingly well. Prime examples of successes have been disease resistance, flowering, and abiotic stress responses. As in most other systems, studies of natural genetic variation in A. thaliana started with quantitative trait locus (QTL) mapping in F 2 or F 2 -like populations, and Figure 4 compares the power of QTL and GWAS mapping with that of naïve selection scans. Further discussion focuses on alleles that were discovered, or at least confirmed, in GWAS studies, which usually require that variants are reasonably common in the study population.
Disease resistance and microbe interactions. Some of the earliest and clearest successes in (re)discovering natural alleles with a large contribution to a specific trait came from GWAS analyses of disease resistance (2, 3, 72, 117) . This was not particularly surprising given that disease resistance is a paradigm for balancing selection, with causal alleles often occurring at moderate frequencies throughout the global population (4, 5, 20, 40, 42, 137, 141, 158) . Disease resistance has 
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Figure 4
Power of different methods to detect functionally differentiated alleles depending on size of phenotypic effect and population frequency. Terra incognita indicates alleles inaccessible to current methods.
also provided examples for the productive combination of GWASs with mapping in experimental F 2 or F 2 -like populations (65, 110, 143) . In the case of the RKS1 gene, a two-step GWAS analysis, focusing in the second step on accessions that carry an SNP associated with resistance, identified derivatives of the resistant allele with secondary mutations that led to a regaining of susceptibility (65) .
Although the intermediate frequency of resistance alleles in both global and local populations is consistent with the expectation of balancing selection (4, 77, 143) , it has remained a major challenge to determine the exact selective forces behind it. Elegant studies with isogenic lines that differed only for the presence or complete absence of a single NLR (nucleotide-binding leucine-rich repeat)-type resistance gene have demonstrated that the costs incurred in the absence of infection can be on the order of five to ten percent not only in the laboratory (46, 78) but also in field trials (72, 142) . The most insightful study in this area has focused on the RPS5 gene, which confers resistance to Pseudomonas syringae strains carrying avrPphB effectors (72) . It has been estimated that the alternative alleles are more than two million years old and that they have been maintained since before the species arose. In several different genetic backgrounds, there are high fitness costs in absence of the pathogen, about half of what has been estimated as a fitness benefit in plants infected with P. syringae carrying avrPphB (46) . Strikingly, the prevalence of the RPS5 allele recognizing avrPphB is much greater than the incidence of avrPphB in P. syringae isolates. The conclusion was that avrPphB is only one of the factors responsible for maintenance of RPS5 and that at the same time evolution of avrPphB is driven primarily by species other than
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A. thaliana (72) . These observations serve as a cautionary tale: Even in a case where we have an excellent mechanistic understanding of the interaction of a specific genotype with its environment, and where fitness effects can be clearly demonstrated, there may not be sufficient information to explain allele frequency.
The pronounced structural and copy number differences at many NLR loci are shared with loci responsible for variation in the content of insecticidal glucosinolates (25, 82) . Importantly, whereas only about a quarter of glucosinolate-controlling loci known from QTL mapping in experimental crosses (76) have been detected by GWAS, the reverse is also true: GWAS detects many more loci than QTL mapping, especially when aided by additional information such as transcriptional networks (24, 25) .
Flowering. The onset of flowering is the most intensively studied life history trait in A. thaliana because it is so critical for reproductive success. Even though a selfer does not have to coordinate flowering with other individuals, seeds must be produced before the weather becomes hot and dry in late spring or summer, or before snowfall in regions with a cold winter. The commonly accepted wisdom is that A. thaliana accessions fall into two groups, one that germinates and flowers in spring and the other germinating in fall and flowering the next spring, after having been exposed to vernalization, the winter-like temperatures that relieve an epigenetic flowering block; the reality, as usual, is more complex, and the same accession can show both behaviors, depending on when seeds germinate (157) . Extensive laboratory work has shown that the two alternative life histories are primarily due to variation at the FRI and FLC loci (94, 156) , although the effects of the FRI-FLC system under natural conditions are more limited (157) . Nevertheless, there seem to be clear fitness effects, as specific allelic combinations at FRI and FLC can affect survival and seed set, depending on when plants germinate (79) .
GWAS analyses under a variety of environments have confirmed both FRI and FLC as major flowering loci (2, 3, 164) and identified additional loci causing further variation in flowering (3, 14, 15, 95, 96) . Direct evidence for the exact identity of the causal genes remains, however, an exception. Ideally, flowering loci would be mapped in field populations that germinate on their own. Because there is substantial genetic and phenological heterogeneity in local populations (13, 16, 48, 105, 107, 108, 134) , a start would be to phenotype naturally occurring individuals, complemented with populations generated by experimental crosses between locally co-occurring individuals with contrasting phenotypes.
Element accumulation. The accumulation of several mineral nutrients and trace elements, socalled ionomic traits (128) , is controlled by large-effect alleles as well. Traits for which common large-effect alleles have been identified by GWAS analyses include leaf concentrations of sodium, molybdenum, cadmium, and arsenic (7, 8, 27, 28) . GWAS approaches are, however, not always successful, an example being the genetics of sulfur and selenium accumulation (26) . The reason in this case is that causal alleles are rare and carry different mutations. The selective forces driving the emergence of alleles affecting variation in ionomic traits remain mostly unknown, except for sodium accumulation, which may be related to salinity tolerance. Similarly, the allele that is associated with higher leaf sodium concentrations is generally found closer to high-salinity environments than other alleles (7) . The obvious next step must be to determine whether allelic variation is indeed linked to actual soil composition at natural A. thaliana sites.
General considerations for genome-wide association studies. Although population structure can confound the unambiguous identification of causal variants in GWAS analyses, the most highly ranked variants tend to be enriched for genes that have a known role in the trait of interest based
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Weigel · Nordborg on mutational genetics or other experimental evidence (3). Thus, focusing on variants with the highest statistical support can provide a useful guide, even if such variants are nominally not statistically significant. When extended to traits for which the underlying mechanisms have not been investigated, this can lead to the discovery of new genes, a nice example being work on proline accumulation in response to mild drought stress (151) . A further consideration is the inclusion of the organellar genotype in GWAS analyses. It is unclear whether this is a concern for all traits, but it has been shown that variation in organellar genomes makes a small but measurable contribution to metabolite content, as one would expect, because the chloroplast and mitochondria are essential for both primary and secondary metabolism (70) . Finally, it is natural to ask what population is optional for GWAS, but this is not a question with a simple answer. Depending on the trait of interest, one might want to use a global population, or contrasting local populations. Furthermore, population structure does not only affect false positives. GWAS only works if causative alleles have appreciable frequency in the sample. If variation is due to too many different alleles (at the same or different loci), it has no power, and the risk of this may (again depending on the trait) be greater in a very diverse sample. There are now several examples of allelic heterogeneity in A. thaliana, both where independent alleles have the same effect and where different alleles differ in effect size (3, 10, 26, 94, 120, 164) .
With the increasing number of genes responsible for the discovery of inter-and intraspecific variation in the past decade, not only in A. thaliana but also in other species, some have been debating the relative importance of different types of mutations, such as cis-regulatory changes, coding changes, knockout alleles, or even epigenetic differences (23, 58, 138) . We do not consider such discussions very productive, as any answer suffers from a strong ascertainment bias, given that coding region changes and DNA mutations are generally more easily found and confirmed than regulatory sequence changes and epigenetic differences. There is certainly evidence for all these different types contributing to naturally occurring phenotypic variation in A. thaliana. Perhaps the most important finding has been that clear loss-of-function mutations can apparently be adaptive, as seen for all three traits we have discussed in detail: flowering time, disease resistance, and element accumulation.
Beyond Arabidopsis thaliana
It might strike the uninitiated as surprising that A. thaliana is the forerunner in population genomics of wild plants, given that there is a much longer tradition of evolutionary and ecological work for many other, often much more iconic species. The situation is reminiscent of the one for animals, where Drosophila melanogaster was for many years the workhorse of quantitative and population genetics, despite a lack of information on its natural habitat before it became closely associated with humans (83) . The reason for this is the sophisticated genetic tool kit available in A. thaliana and D. melanogaster, and the premier position of the two species in these areas was reinforced with the initial genome sequences published in 2000.
Change is under way, however. Serious population genomics begins by definition with at least one high-quality reference genome assembly, something that has become much more affordable, not just for individual labs but even as the basis for individual graduate student or postdoctoral projects (see sidebar, Current Advances in Genome Sequencing and Genotyping). Similarly, the costs for large-scale resequencing and genotyping continue to fall. Depending on the application, such data might be generated for fewer individuals at higher coverage or for more individuals at lower coverage (Figure 1) . Practical limitations for investigating adaptation are therefore no longer the lack of genome and genome variation information but rather the lack of techniques for genetic manipulation that allow experimental tests of specific genes and alleles.
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Some of the first studies of adaptation with whole-genome data focused on other Arabidopsis species. There is good evidence for local adaptation in A. lyrata from transplant experiments (e.g., 92) , and initial population genomics analyses have suggested footprints of selection and climate associations in A. halleri (38) . The A. lyrata reference genome (63) was used to identify candidate loci for adaptation to serpentine soils in this species (148) and for genetic adaptation to genome doubling in the close relative A. arenosa (59, 161) . The strategy was similar in both cases, using contrasts between populations on serpentine and granite soils or diploid and tetraploid populations, and this approach should be informative for A. halleri as well, where there are many populations that have evolved metal hyperaccumulation and tolerance. Contrasts between populations growing on saline and nonsaline soils also supported the identification of candidate loci involved in salinity adaptation in Medicago truncatula (43, 44) .
The most thorough and impressive characterization of genomic diversity in wild plants comes from Populus trichocarpa, which, almost 10 years ago, was the first tree and only the third plant for which a genome assembly became available (149) . More than 400 accessions have been interrogated with a genotyping microarray (47, 104) , and another set of more than 500 individual trees was resequenced to high coverage (37) . These studies revealed the extent of population structure, including admixture with other species, identified candidate loci under selection (37, 47) , and identified through GWASs candidates for loci affecting important biomass, ecophysiology, and phenology traits (37, 104 ). An encouraging result was that candidates from population genomics selection scans scored on average more highly in the GWAS scans than random markers, providing further evidence for an adaptive role for these loci (37) .
A limitation of studies with Arabidopsis and other Brassicaceae is that the major types of root symbioses of flowering plants with bacteria or fungi have been lost in this family, although GWAS approaches have already been exploited to document genotype-dependent variation in the association with bacterial and fungal communities that colonize A. thaliana leaves (62) . Populus species are known to differ in their metabolomic responses to colonization by the fungus Laccaria bicolor (144) , suggesting that intraspecific GWAS analyses will be useful for identifying alleles that modulate symbiotic interactions, given that the selection for such interactions should depend on the availability of inorganic resources in the soil.
More generally, trees hold great promise for understanding adaptation because they feature some of the best documented geographical clines in traits, many of which are clearly adaptive (109, 129) . One of these is growth cessation in fall, and molecular key regulators of this trait in Populus vary in their activity depending on latitudinal origin of the accessions (12) . Of particular interest is structured quantitative variation and how it is maintained in the face of gene flow: Are there a few loci featuring alleles of different activity, or is a phenotypic gradient achieved through combination of many genes, each of which has qualitatively different alleles? Latitudinal clines are well known not only in angiosperm trees but also in gymnosperms (106) , and there already have been attempts at GWASs in pine (118) . However, because of the enormous genome size, it has been difficult to link genetic markers to annotated genes.
Plants also offer wonderful opportunities to study adaptive radiations in groups that are experimentally much more tractable than, for example, Darwin's finches or cichlids. Two such ongoing efforts focus on North American columbines, Aquilegia spp. (57) , and monkeyflowers, Mimulus spp. (159) . Although reference genomes have not yet been published, the Mimulus guttatus genome draft has already been exploited to produce interesting insights into whole-genome patterns in native and introduced populations of M. guttatus, including the identification of major selective sweeps in the introduced range (121) .
Finally, successes in GWASs with domesticated sunflower and tomato accessions bode well for population genomics in their wild relatives, many of which have interesting ecologies (97, 100).
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SUMMARY POINTS
1. Wild plant species have obvious advantages for studying adaptation but are amazingly underutilized.
2. The ability to phenotype and genotype truly wild individuals at large scales is transformative, especially for trees.
3. A powerful experimental approach consists of field experiments with near isogenic lines.
4. A drawback of field studies is that they are limited with respect to temporal timescales (years to decades with living material, and centuries when including, for example, herbarium material) and geography (because of logistics and expense).
FUTURE ISSUES
1.
Although it has been difficult to engineer precise near-isogenic lines in the past, CRISPR/Cas9 technology should soon make precise allele swaps, down to individual causal nucleotides, the norm for fitness experiments in natural settings. The use of RNA viruses as vectors would circumvent the need to develop cumbersome genetic transformation protocols (154).
2.
Inference from such studies becomes particularly strong when they include either close relatives that are distinguished by mating system or life history, or less closely related taxa that have similar mating systems and life histories.
3. Increasingly, these studies will consider plant species not in isolation, but include their interaction with other species, such as plant competitors, as well as animal and microbial predators and mutualists.
4. The acquisition of very high quality, very large population genomics data sets will become more and more affordable, and this can partially compensate for the limitations inherent in field and experimental studies. The acquisition of such data will be a sine qua non in studies of adaptation, to be complemented with data from the field and, depending on the organism, the laboratory.
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